We report on the fabrication and electrochemical impedance characterization of a parallel plate capacitance sensor for ocean water salinity monitoring. The standard printed circuit board ͑PCB͒ fabricated and assembled sensor shows excellent response to changes in salinity with a sensitivity of 3.3 k⍀/PSU. Use of the standard PCB process, necessitated by the requirement of low cost and ease of fabrication, posed challenges such as electrode corrosion and fouling. We investigated two polymeric materials as possible electrode passivation coatings, Novolac resin polymer ͑Novolac͒ and a proprietary commercial organic polymer ͑Accu-flo͒. By performing electrochemical impedance spectroscopy ͑EIS͒ and electrical equivalent-circuit-based model fitting, we show that Accuflo has better stability and passivation characteristics in comparison with Novolac. The pore resistance of Accuflo was found to be 3 orders of magnitude higher than that of Novolac, which indicates that Accuflo is relatively less porous than Novolac. Optical observations of the Accuflo-and Novolac-coated sensors after 48 h of immersion in ocean water show that Accuflo maintains its structural integrity, whereas Novolac is severely compromised and the underlying electrode has undergone corrosion, in agreement with EIS analysis. This confirms that Accuflo is a better choice as an electrode coating for underwater applications. The oceanic studies began in the 1930s with the search for petroleum, continued with the emphasis for improved naval warfare, and more recently have been driven by a need to understand and protect the ecosystem. Among the different facets of oceanography, physical oceanography relates to the study of physical properties and dynamics of the ocean, the primary interests being the oceanatmosphere interaction, the oceanic heat budget, and the coastal dynamics. No discussion on oceanography is complete without mention of parameters such as salinity, temperature, pressure, and density. Salinity is commonly defined as the ratio between the weight of dissolved material in the seawater sample and the weight of the sample.
The oceanic studies began in the 1930s with the search for petroleum, continued with the emphasis for improved naval warfare, and more recently have been driven by a need to understand and protect the ecosystem. Among the different facets of oceanography, physical oceanography relates to the study of physical properties and dynamics of the ocean, the primary interests being the oceanatmosphere interaction, the oceanic heat budget, and the coastal dynamics. No discussion on oceanography is complete without mention of parameters such as salinity, temperature, pressure, and density. Salinity is commonly defined as the ratio between the weight of dissolved material in the seawater sample and the weight of the sample. 1 This ratio is generally expressed in parts per thousand. The dissolved material includes dissolved gases but excludes fine suspended particles and other solids that are in contact with seawater. Salinity is also conveniently referred to as total dissolved salts. Together, salinity and temperature determine seawater density and buoyancy, driving the extent of ocean stratification, mixing, and water mass formation.
In this paper we develop a salinity sensor for deployment in ocean water salinity sensing. Particularly, we evaluate two different polymeric materials for their effectiveness as electrode passivation layers for the salinity sensor. The electrode passivation layers serve as barrier layers against electrode corrosion in the ocean environment. The electrode passivation materials used in this study are Novolac resin polymer ͑Novolac͒ and a proprietary commercial polymer, Accuflo, marketed by Honeywell, Inc. These polymeric films were subjected to calibrated ocean water samples and their barrier properties evaluated by electrochemical impedance measurements.
The ocean environment is high in chlorine content, by virtue of which the corrosion processes are accelerated. 2 The passivation properties of polymer film are important in long-term survival of the electrode in the ocean environment. Electrochemical impedance spectroscopy ͑EIS͒ was used to study the electrode-polymerelectrolyte interface. EIS has long been successfully employed to study electrochemical kinetics of processes such as corrosion, electrodeposition, fuel cell kinetics, etc. 3 EIS has also been employed to study relaxation phenomenon in polymeric chains, such as rotational polarization. 4 Polymer coatings on metal electrodes act as barriers to prevent corrosion, separating the metal from the surrounding electrolyte. However, the reliability of these polymers is limited by the fact that over time, diffusion of ions through the coating can establish contact between the electrolyte and the electrode surface. This can have undesirable effects, particularly in capacitive sensing applications where the absorption of electrolyte by the dielectric material can alter its dielectric properties. This can lead to erroneous results due to a time-dependent drift in the sensor characteristics. Hence, it becomes imperative to study the effectiveness of these barrier layers before making a final selection of the coating. In this research, we use EIS to characterize the barrier properties of polymer coatings.
In EIS, the impedance of the material or system under study is recorded at various frequencies. It is often employed in corrosion monitoring of bare and coated metals. 5, 6 A corroding metal in direct contact with the electrolyte is represented by a parallel combination of a resistance ͑charge transfer͒ and a capacitance ͑double layer͒ in series with a resistance ͑solution resistance͒. In the case of diffusionlimited processes, a series diffusion element can be added. Usually, the diffusion element is of the Warburg type, characterized by a 45°i nclined spur in the complex plane. In the case of a polymer-coated metal, in addition to the parallel combination of resistance ͑R͒ and capacitance ͑C͒ due to double layer and charge transfer, another parallel R and C due to pore resistance and capacitance have to be added. [7] [8] [9] In this work, EIS data of the capacitive salinity sensor were recorded at various salinities and temperatures. The data were then fit to models representing corrosion processes, using equivalent circuit models and the least-squares fitting technique. The EIS data and modeling were correlated with documented optical observations.
Materials and Methods
The detailed fabrication and assembly of the sensor used in this work is reported elsewhere. 7 Briefly, copper plates of 2 ϫ 1 cm dimension were coated with polymer material and assembled in a parallel plate configuration with a 600 M spacer to set the distance between the plates. The fabrication process flow of the salinity sensor is illustrated in Fig. 1a-g. Figure 1h is the photograph of the fabricated salinity sensors. The cell constant is 0.03/cm, which yields an empty cell capacitance of 2.951 ϫ 10 −12 farad. Because the area of the plates is much greater than the distance between the plates, a uniform field distribution can be assumed and the effects of fringe fields can be neglected. 10 An Agilent 4294A impedance analyzer is used to record the impedance and phase angle in the frequency range between 1 and 500 kHz, using an excitation signal of 25 mV. Fixture compensation and open and short calibration were performed as per the instrument manual to null the measurement setup and fixturing effects. Impedance measurements were performed at open-circuit potential with no applied dc bias. The ac and dc signal monitor facilities of the analyzer were utilized to check the ac signal levels and to ensure that there was no applied dc bias. Calibrated standard seawater solution ͑Ocean Scientific International Limited, United Kingdom͒ of 34.996 PSU salinity was used in this study. Data were recorded at different PSU levels by controlled dilution of the calibrated sample.
Impedance spectra are commonly analyzed by the method of equivalent-circuit analysis. Based on the knowledge of the physical system, a suitable circuit is selected and plausible values are assigned to its components. The circuit response is simulated and compared with the experimentally observed response iteratively until a minimum of the squared difference between them is found. Complex nonlinear squares ͑CNLS͒ is one such least-squares minimization technique that fits frequency response or transient data to an equivalent electrical-circuit model. 11 LEVM is a CNLS-based fitting and parameter extraction software with numerous circuit and weighting possibilities. The utility of this software for fitting data to a wide range of material responses as well as its details such as weighting possibilities and various distributed circuit elements are covered in depth by its author. 12 This fitting program has been used in all the fitting carried out in this work. Henceforth it is referred to as CNLS in this paper. Figure 2 illustrates the model used to parameterize the impedance data of a coated metal electrode. The CPE pore and R pore parameters represent the coating parameters, and R ct and CPE dl parameters represent the interfacial parameters. The parameter R ct determines the rate of corrosion. The constant phase element ͑CPE͒ parameter is elaborated upon in the next section. Figure 3a is the complex-plane impedance diagram of copper electrode coated with Novolac in 34.856 PSU seawater. In agreement with the hypothesis of Thompson et al., 13 the convolution of coating and corrosion response gives rise to a semicircle in the complex impedance plane. As discussed earlier, the equivalent model should include both coating as well as interfacial parameters. Data fitting for parameter extraction was carried out using the equivalent circuit of Fig. 3b , which includes the coating elements and interfacial elements.
Results

Novolac-coated electrode.-
The use of equivalent circuits in evaluating coated metals was first demonstrated by Beaunier et al. 14 The circuit of Fig. 3b is often used to model coating impedance spectra. 15, 16 It consists of solution resistance in series with a parallel combination of coating capacitance and pore resistance. Each pore provides an ionic pathway; hence, electromigration and diffusion proceed in the pores, leading to a charge transfer at the electrode and double-layer formation. The overall impedance of the equivalent circuit of Fig. 3b is given by 
where R pore is the pore resistance, R ct is the charge-transfer resistance, C coat is the coating capacitance, C dl is the double-layer capacitance, and R sol is the solution resistance.
The main disadvantage of the equivalent-circuit approach is that different combinations of RC elements could lead to the same frequency response if appropriate values are assigned to components. This is because of equivalence in electrical networks. Due to the inherent ambiguity associated with equivalent-circuit analysis, 17 the EIS experiment was performed with variables such as temperature and concentration to alleviate this ambiguity. 18 Concentration and temperature dependence.- Figure 4a depicts the complex-plane impedance diagram of the salinity sensor for various salinities at room temperature. Figure 4b is the complexplane impedance response as a function of temperature at 34.856 PSU. The plots of Fig. 4a and b were parameterized with the equivalent circuit in Fig. 3b ; the parameters are summarized in Tables I and II.  Table I contains the extracted parameters of the metal-coating Novolac-electrolyte system for various salinities, listed in the first column of Table I . The three resistive elements of the equivalent circuit, namely, the solution ͑R sol ͒, charge transfer ͑R ct ͒, and pore resistance ͑R pore ͒, decrease with increasing salinity. This is due to the inverse relationship between concentration and resistivity in the case of R sol and R pore . The charge-transfer resistance derives its dependence on concentration from the Butler-Volmer ͑BV͒ kinetics, 19 where the current depends directly on the concentration and inversely on the exponential of temperature. Hence, we see a decrease in R ct with concentration. The double-layer capacitance exhibits the expected increase with salinity. 20 Table II contains the extracted parameters of the metal-coatingelectrolyte system for various temperatures at 34.856 PSU, listed in the first column of Table II . The solution and pore resistance in Table II decrease with an increase in temperature, consistent with the inverse relationship between temperature and resistance. The charge-transfer resistance increases with temperature as expected from the BV kinetics equation.
In a study of thermal cycling of polymers for accelerated corrosion testing, Bierwagen et al. 16 indicated that an increase in temperature increases the water uptake of the coating and that elevated temperature degrades coating. They listed the effect on individual parameters as ͑i͒ an increase in coating capacity due to an increase in water uptake, ͑ii͒ a decrease in film resistance, ͑iii͒ a decrease in charge-transfer resistance, and ͑iv͒ an increase in double-layer capacity using an equivalent circuit of the type shown in Fig. 3b . The observations reported in Tables I and II Accuflo-coated electrode.- Figure 5a is the complex-plane impedance plot of the Accuflo-coated copper electrode. The shape of the curve indicates a low-frequency CPE process in series with a parallel combination of pore capacitance and pore resistance.
The circuit of Fig. 5b represents a circuit for a good coating, indicated by the absence of charge-transfer resistance, which repre- Table I . Estimated parameters of circuit in Fig. 3b at various sents the corrosion process. This circuit was used to model the impedance data of Fig. 5a . The overall impedance of this circuit is given by
where is the angular frequency. CPE1 is a CPE which represents pore capacitance. The impedance of a CPE is given by the expression 1/A ‫ء‬ ͑ j ‫ء‬ ͒ −n , where A is the magnitude of the element, = 2 ‫ء‬ pi ‫ء‬ f is the angular frequency, and f is the frequency in hertz. The parameter n is equal to ␣ − 1, where ␣ is such that if ␣ = 0, the impedance of a CPE is that of an ideal capacitor, and when ␣ = 1, the CPE is a pure resistor. The parameter CPE2 represents the electrical double-layer effects. Even though the use of CPE yielded bet- ter quality than using discrete capacitances, the CPE power factor, n, is close to unity, indicating proximity to pure capacitor behavior. The overall impedance response might also be affected by the polymer film relaxation, 4, 21 introducing the slight frequency dependence to film and interfacial capacity. Concentration and temperature dependence.- Figure 6a is the complex-plane impedance diagram of the salinity sensor passivated with Accuflo for various salinities. Figure 6b is the complex impedance diagram of the salinity sensor at 34.856 salinity and varying temperatures. The plots of Fig. 6a and b were parameterized with the equivalent circuit in Fig. 5b ; the parameters are summarized in Tables III and IV.  Table III summarizes the impedance parameters of the Accuflocoated sensor at various salinities. Similar to observations with Novolac-coated electrodes, the resistance parameters decrease with concentration and the capacitance-related parameters increase with concentration. The pore resistance is 3 orders of magnitude higher in the case of Accuflo. This indicates that the pore dimensions in Accuflo are much smaller than the Novolac coating. The magnitude ͑A͒ of the CPE, which represents the coating capacitance of Accuflo, is 2 orders of magnitude smaller than the coating capacitance of Novolac, which indicates much less water uptake in Accuflo than in Novolac. The double-layer CPE magnitude is similarly 2 orders of magnitude less for Accuflo, reflecting the relatively small area that is in contact with the electrolyte as compared to Novolac. Table IV lists the parameters of the circuit in Fig. 5b as a function of temperature. Consistent with expectations, the pore and solution resistance decrease with temperature. The two CPE magnitudes increase with temperature.
The analysis of temperature and concentration dependence of impedance data and the systematic dependence of the model parameters on these variables, in accordance with theoretical expectations, validate the model for system parameterization. Figure 7 is the photograph of two sensors, one coated with Novolac and the other coated with Accuflo, after 48 h of immersion in ocean water. The Novolac coating is severely compromised after 48 h exposure to ocean water at room temperature, whereas the Accuflo coating maintained its structural integrity during the period of exposure. These observations are consistent with the EIS analysis of the two polymers, where it was found that the pore resistance of Novolac was 3 orders of magnitude lower than that of Accuflo. Pore resistance is proportional to the cross-sectional dimension of the electrolytic pathway that connects the electrolyte to the electrode metal. The shape of the Nyquist plot provides a good inferential tool to predict coating failure. The low-frequency portion of the Nyquist plot of Accuflo is projected away from the real axis, as opposed to Novolac, for which it is approaching the real axis. The approach to real axis indicates a resistive mechanism at low frequencies, which is the corrosion mechanism. A straight linelike low-frequency behavior parallel to the imaginary axis, such as the one seen for Accuflo, indicates a capacitive blocking behavior at low frequencies, which indicate an absence or small amount of corrosion. Thus, visual observation of these plots could be used as visual corrosion diagnostics.
Discussion
In Fig. 5b , which is the electrical equivalent circuit for modeling the Accuflo-coated electrode impedance, the charge-transfer resis- tance has been omitted. This is because, in a parallel combination of electrical elements, the current has a tendency to travel through the element, which offers less opposition to its flow. Hence, in the parallel R ct -C dl combination, R ct , which is of higher impedance than the C dl , is not a preferred pathway to the passage of current. The inclusion of this element does not lead to the parameter being well determined in the least-squares routine. In impedance spectroscopy, although many elements exist in the electrical model, which elements play a dominant role in the impedance spectrum depends on the frequency range of the investigation. In the frequency range investigated in our work, the R ct is large, and hence insignificant current flows through it, leading it to have an insignificant contribution to the impedance data in this frequency range. An important observation in the four tables is the nearly 2 orders of magnitude difference between the pore capacitance and doublelayer capacitance of Novolac and the magnitude of CPEs representing these quantities in Accuflo. These differences could be ascribed to increased water uptake in Novolac. Water uptake in polymers leads to plasticizing, swelling, and other mechanical and structural changes. 22 This causes higher coating capacitance 23 and larger pore size, leading to higher double-layer capacitance in Novolac. 24 Evidence for this is found by comparing the pore resistance, which is much smaller for Novolac than for Accuflo ͑Tables I and II͒. Yin and Wu, 24 Bierwagen et al., 16 and Zahra et al. 25 also noted that an increase in water uptake is characterized by a decrease in pore and charge-transfer resistance and an associated increase in double-layer and coating capacitances, which is consistent with the observations in comparing the parameterized impedance data between Novolac and Accuflo. Water uptake can also lead to degradation of polymer by hydrolysis of the polymer network; 22 evidence of such degradation can be seen in Fig. 7 , in which the Novolac coating has been severely degraded after 48 h of immersion in seawater. In contrast to Novolac, Accuflo, which is spin on glass, has physical and chemical characteristics similar to those of SiO 2 , 26, 27 which lends it the stability and structural integrity necessary to function as a barrier coating in a corrosive environment.
Conclusion
The barrier properties of Novolac resin polymer and a commercial proprietary polymer, Accuflo, were investigated to determine their effectiveness in corrosion protection of electrodes employed in ocean salinity sensing. It was found that Novolac coating is porous, allowing access of metal by the electrolyte, while Accuflo exhibits good corrosion-protection properties. The pore resistance in Accuflo was determined to be 3 orders of magnitude higher than in Novolac, indicating a dramatic reduction in corrosion pathway. Temperatureand concentration-dependence experiments established the validity of the model selected to represent the experimental data. Optical observations correlated well with EIS data in indicating that Accuflo was indeed effective in protecting electrodes in ocean water as compared to Novolac. The sensitivity of the salinity sensor reported in this work was 3.3 k⍀/PSU.
University of South Florida assisted in meeting the publication costs of this article.
